| INTRODUCTION
A myocardial bridge (MB) is a congenital coronary variant, mostly affecting the left anterior descending artery (LAD). It is defined as a segment of the epicardial coronary artery that is covered by myocardium. Autopsy reports have shown the prevalence of myocardial bridging to be 5%-86%, with a mean of 25% (Mohlenkamp, Hort, Ge, & Erbel, 2002) . The rate of detection of MBs varies depending on the cohort studied and the type of imaging test performed. Coronary angiography (CA) is the least sensitive test, with a prevalence of 0.5%-12% (Soran, Pamir, Erol, Kocakavak, & Sabah, 2000) . Intravascular ultrasound (IVUS) is a gold standard, with a detection rate of 20%-25%, demonstrating systolic compression and a specific echolucent "halfmoon" sign (Ge et al., 1999) . Coronary computed tomography angiography (CCTA) utilizing multi-slice scanners can detect intramyocardial segments at a rate similar to IVUS (Ishikawa et al., 2006) . Exercise echocardiography (EE) is a noninvasive examination where the presence of an MB is associated with a characteristic focal buckling of the septum with apical sparing during the end-systolic to early-diastolic phase (Lin et al., 2013; Siciliano, Migliore, & Piovesana, 2014) .
Although MBs are often considered benign and most patients with MBs are asymptomatic, MBs have been associated with ventricular arrhythmias and sudden death during exercise (Cutler & Wallace, 1997; Feld et al., 1991; Ishikawa, Kawawa, Kohda, Shimada, & Ishii, 2011) .
This may be a result of local ischemia, as suggested by the reduction in diastolic fractional flow reserve (dFFR) demonstrated during dobutamine stress testing (Escaned et al., 2003; Lin et al., 2013) . Prior studies in patients without an MB have suggested that QT dispersion (QTd) reflects abnormal repolarization of the myocardium and an increased QTd may predict ventricular arrhythmia (de Bruyne et al., 1998; Okin et al., 2000; Stoletniy, Pai, Platt, Torres, & Pai, 1999) . Previous studies have reported a significant increase in QTd and repolarization abnormalities during exercise in patients with MB when compared with a control group (Aksan et al., 2015; Barutcu et al., 2004) . The aim of this study was to investigate the frequency of premature ventricular contractions (PVCs) and nonsustained ventricular tachycardia (NSVT), as well as changes in QTd, during exercise in patients with an MB compared with healthy controls.
| METHODS

| Study population
We retrospectively identified all patients with a suspected MB on EE performed in the Stanford Hospital Echocardiography Laboratory from January 2011 to December 2013. The MB patients were referred for evaluation of chest pain, dyspnea on exertion, or palpitations. We excluded patients with left ventricular dysfunction (left ventricular ejection fraction (LVEF) <50%), resting wall motion abnormalities, inducible wall motion abnormalities suggestive of fixed coronary artery disease, valvular heart disease, pulmonary hypertension, prior cardiac surgery, left ventricular hypertrophy, bundle branch block, atrial fibrillation, a paced rhythm, congenital heart disease, a history of coronary artery disease, use of antiarrhythmic drugs (Class I and Class III), and poor quality ECGs. All echocardiographic studies of the remaining MB patients were re-reviewed by a senior echocardiographer (IS) to confirm the initially reported finding. In the case of disagreement between the initial interpreting echocardiographer and the re-reviewer, a consensus between the two readers was established. Subsequently, we defined the following study groups: Patients with a suspected MB on EE by the presence of focal septal buckling (Echo-MB group, 510 patients) and patients with a suspected MB on EE (124 patients) who underwent a second imaging study (CA, IVUS, or CCTA) in which the MB was confirmed (MB group, 110 patients). Normal exercise echocardiograms from consecutive patients with structurally normal hearts, from the same Echo Lab data base were re-reviewed by one echocardiographer (IS) and if disagreement with the initial reader, a consensus was established. These patients were asymptomatic but referred for stress testing as a screening test for cardiovascular disease, family history of heart disease, or as prospective donors of kidney transplantation (Control group, 198 patients) . None of the patients in the control group had focal septal buckling on EE. For further analysis, we also combined the patients in the Echo-MB and MB groups, and then divided them by the presence or absence of NSVT (32 and 588 patients, respectively) ( Figure 1 ). The retrospective review of the records was approved by the Stanford Institutional Review Board.
| Exercise echocardiography (EE)
EE was performed according to the American Society of Echocardiography (ASE) recommendations (Pellikka, Nagueh, Elhendy, Kuehl, & Sawada, 2007) . All subjects performed the Bruce treadmill protocol test, with a target heart rate of 85% of maximum predicted for age (Bruce & Lovejoy, 1949) . The blood pressure (BP) was noninvasively recorded with an automated BP monitor before, during, and after exercise.
Standard echocardiographic views, including parasternal long and short axes, and apical 2-, 3-, and 4-chamber views, were obtained in two-dimensional (2D) scan planes. LVEF was derived from the modified Simpson method according to the ASE guidelines (Lang et al., 2015) . An MB was defined as present when there was stress-induced focal septal buckling with apical sparing during the end-systolic to early-diastolic phase (Lin et al., 2013) . All echocardiographic studies were performed using an iE33 echo system (Philips Healthcare, Andover, MA). An average of 5-10 beats per loop was recorded at rest and immediately after stress.
During exercise treadmill testing, 12-lead ECGs were monitored continuously and recorded at 1 min intervals. The ECGs were recorded with a standard digital recorder at a paper speed of 25 mm/s and amplitude 10 mm/mV. All patients were monitored postexercise until their vital signs reached baseline.
| Measurement of ventricular arrhythmia
We examined the frequency of PVCs and NSVT during exercise in each patient. In patients who had PVCs, we defined frequent PVCs as 
| Measurement of QT interval duration and dispersion (QTd)
The QT interval duration in all leads of a surface 12-lead ECG was measured at baseline and after treadmill exercise at 1 min of recovery in each group. All measurements were performed manually with digital calipers and a magnifying glass. The QT interval duration was measured from the beginning of the QRS complex to the end of the T wave in each lead. The maximum slope intercept method was used to define the end of the T wave. QT dispersion (QTd) was defined as the maximum minus the minimum QT interval. The corrected QT dispersion (QTcd) was measured according to Bazett's formula (Ahnve, 1985) . We also compared the change in QTd (ΔQTd) with exercise, defined as the QTd postexercise minus the QTd at rest, in each group. In the same way, we compared the change in QTcd (ΔQTcd) with exercise, defined as the QTcd postexercise minus the QTcd at rest.
The ECG measurements of QTd were performed by one observer (M.N.). A random sample of 10% from each of the three study groups was re-measured by a second observer (V.P.) who was unaware of the first observer's results. In addition, both observers were blinded to which study group the patients belonged. Interobserver variability of QTd measurement was 19%, similar to previous reports (Malik & Batchvarov, 2000) .
| Statistical analysis
Statistical analyses were performed using SPSS statistical software (Version 22.0; IBM Corporation, Armonk, NY). Data are expressed as mean value ± standard deviation (SD) or number (%). For comparison of categorical variables, the chi-square test or the Fisher's exact test was performed as appropriate. Continuous variables between two groups were analyzed by the unpaired Student t-test or Mann-Whitney U-test. We analyzed the difference in QTd between the pre-and postexercise ECGs using paired t-test or Wilcoxon signed-rank test in each group. A p value <.05 was considered statistically significant.
| RESULTS
| Patient characteristics
The clinical characteristics of each group are summarized in Table 1 .
There were no significant differences between the groups except that compared with controls, there were more women in the Echo-MB and MB groups, and the patients in the MB group were younger. In the Control group, there were no patients who complained of symptoms during exercise. However, in the Echo-MB group and MB groups, 195 patients (38%) and 67 patients (61%), respectively, complained of symptoms during exercise.
| Ventricular arrhythmia
The exercise treadmill test results of each group are described in Table 2 . There were no differences between the three groups in F I G U R E 1 Study population. The study patients were divided into the following groups; (1) Echo-MB group, (2) MB group, and (3) T A B L E 1 Patient characteristics terms of the maximum heart rate achieved, the percentage of maximal predicted heart rate achieved, and the peak blood pressures. The frequency of exercise-induced PVCs was significantly higher in the Echo-MB and MB groups (49.8% and 45.5%, respectively) compared with the Control group (5.6%). In the Echo-MB group, 127 patients (25%) had frequent PVCs, including 25 with bigeminy and 14 with trigeminy, and 127 patients (25%) had infrequent PVCs. In the MB group, 23 patients (21%) had frequent PVCs, including four with bigeminy and two with trigeminy, and 27 patients (25%) had infrequent PVCs. In the Control group, only two patients (0.5%) had frequent PVCs, with no bigeminy or trigeminy, and nine patients (4.5%) had infrequent PVCs. Likewise, 25 patients (4.9%) in the Echo-MB group and seven patients (6.4%) in the MB group had exerciseinduced NSVT, whereas no patient in the Control group had NSVT.
| QT dispersion and corrected QT dispersion
The baseline QTd and QTcd were not different between the groups, whereas the postexercise QTd and QTcd were significantly higher in the Echo-MB and MB groups compared with the Control group (Table 2) . With exercise, the Echo-MB and MB groups had a significant increase in QTd (p < .001), whereas QTd did not significantly change from baseline to postexercise in the Control group (Figure 2a) .
Compared with the Control group, the ΔQTd with exercise was significantly greater in the Echo-MB (9.2 ± 12.7 vs. 1.3 ± 7.0, p < .001) and MB (8.6 ± 16.5 vs. 1.3 ± 7.0, p < .001) groups (Figure 2b ). The ΔQTcd with exercise was significantly greater in the Echo-MB (21.1 ± 17.0 vs.
6.8 ± 8.1, p < .001) and MB groups (20.9 ± 21.7 vs. 6.8 ± 8.1, p < .001) compared with the Control group.
| Comparing patients with NSVT and without NSVT in the Echo-MB and MB groups
The combined Echo-MB and MB groups were divided into two groups based on whether or not they developed NSVT with exercise. There were no significant differences between the NSVT and the non-NSVT groups except there were a higher proportion of men in the NSVT group (Table 3) . The maximum heart rate achieved, the percentage of maximal predicted heart rate achieved, and the peak blood pressures were not significantly different between the groups. Additionally, the incidence of symptoms and ST-segment depressions during exercise treadmill testing was not different between the groups (Table 4) . While there were no significant differences in the baseline QTd and QTcd between the groups, the QTd and QTcd postexercise were significantly higher in the NSVT group compared with the non-NSVT group (Table 4) . In both groups, QTd postexercise increased significantly when compared to baseline values (Figure 3a) . However, the ΔQTd with exercise was significantly greater in the NSVT group compared with the non-NSVT group (18.3 ± 12.9 vs. 8.5 ± 13.4, p < .001) (Figure 3b ). The ΔQTcd with exercise was significantly greater in the NSVT group compared with the non-NSVT group 34.4 ± 16.7 vs.
20.7 ± 17.7, p < .001).
| DISCUSSION
The major findings of the present study are as follows: (1) and 45.5%, respectively), and NSVT was commonly present (4.9% and 6.4%, respectively), whereas 5.6% of patients in the Control group had PVCs, and none had NSVT. The main angiographic finding of an MB is systolic narrowing of a coronary artery, or the "milking effect." However, it has been shown by IVUS that this systolic narrowing extends into diastole and can take up to half of the diastolic filling period, at resting heart rates, before the vessel reaches maximal cross-sectional area (Ge et al., 1994) In particular, close follow-up might be needed for male patients who have a significant increase in their postexercise QTd compared to baseline, due to an increased vulnerability to develop exercise-induced NSVT.
The observation that QTd was increased in MB patients who developed NSVT during exercise treadmill testing despite a lack of consistent clinical findings suggestive of cardiac ischemia, such as symptoms of angina or ST-segment depressions of ≥1 mm, is worth noting. A previous report suggested a peak exercise QTd >60 ms is diagnostic of significant coronary artery disease in women (sensitivity of 70% and specificity of 95%) (Stoletniy & Pai, 1997) . In our study, the QTd in the NSVT group was 38.6 ms postexercise and the QTcd was 52 ms postexercise. We likely had a lower value than the previous report because of differences in our study population, as well as our methodology. We included men, and measured postexercise
QTd at 1 min of recovery rather than at peak exercise. In addition, ischemia from MBs is thought to be focal and, therefore, may affect a smaller territory than a fixed coronary lesion. This may also explain why there was a lack of ST-segment depressions in most of our patients. At the same time, the diagnostic accuracy of ischemia with standard exercise treadmill testing criteria is not ideal, and it is known that patients with an MB who do not have significant ST-segment depressions may still have myocardial ischemia (Gawor et al., 2011) . We suspect that even patients without significant ST-segment changes have abnormal repolarization and an increased QTd due to focal ischemia (Koide, Yotsukura, Yoshino, & Ishikawa, 2000) . In the future, the development of formal cutoff values for QTd and ΔQTd may be helpful. Nevertheless, ECG-based QT dispersion is a temporal measurement of heterogeneity and does have recognized limitations in determining the end of the T wave. Measurement of the T-peak to T-end period is another time-based interval; however, it has similar shortcomings in determining the end of the T wave, resulting in less than ideal reproducibility. Vector-cardiographic approaches to assess heterogeneity of the R-and T waves represent a morphologic technique and may prove to have superior accuracy; however, more studies that are clinical are needed to determine its value in predicting vulnerability to lethal cardiac arrhythmias (Verrier & Huikuri, 2017) .
Our study has several limitations. First, we used focal septal buckling with apical sparing on EE as a marker for the presence of an MB, but the accuracy of this screening test is not yet known. In those patients who had another imaging modality, 89% of the Echo-MBs were confirmed. While this is a substantial percentage, it suggests that some of the patients in the Echo-MB group likely did not have an MB.
Still, given the similarity in data between the Echo-MB and MB groups, we are confident that the Echo-MB group captured a high percentage of patients with an MB and that the findings would have only been strengthened by the ability to confirm MBs in those patients. Further studies will be necessary to establish the sensitivity and specificity of EE to diagnose an MB. Second, the patients in the control group also did not have additional imaging studies to exclude the presence of an MB. However, their very normal EE suggests that even if an MB was present, it is inconsequential. Third, although the MB patients and the control patients appeared to be similar on multiple variables, there was no matching performed because of the limited sample size.
Therefore, there could be unappreciated confounding factors present.
Fourth, with regard to QT dispersion, the interobserver variability may seem high but it is in the range of previously published papers and the interobserver variability was spread equally in all groups. Finally, development of myocardial ischemia from an MB depends on several factors, including the length and depth of the MB, as well as the force of cardiac contractility (Ge et al., 1994 ). We did not investigate these parameters, nor did we directly demonstrate ischemia in the MB patients. Therefore, we cannot demonstrate with certainty that all PVCs are due to an MB. Further investigation into the relationship between the degree of myocardial ischemia from an MB and the development of ventricular arrhythmias is needed.
| CONCLUSION
In this study, there was an increased incidence of exercise-induced PVCs and NSVT in patients with an MB. Exercise significantly increases
QTd and ΔQTd in patients with an MB, and this increase is most no- 
